Abstract. The impacts of accelerated pH decline combined with high muscle temperature on post-mortem muscle metabolism and subsequent meat quality attributes have been extensively studied. Traditionally, this phenomenon has been observed in pork muscles, primarily due to the relatively fast post-mortem glycolysis rate and its relationships to stress susceptibility of pigs before slaughter. However, the protein-denaturing condition of high temperature/rapid pH fall and subsequent PSE (pale, soft and exudative)-like abnormal meat quality characteristics have been observed in muscles from other species such as beef, lamb, venison and even poultry. Various pre-rigor conditions including the application of electrical stimulation, hot-boning, and/or pre-rigor carcass chilling temperatures in various muscles, in conjunction with carcass stretching/hanging methods, can also contribute to muscle-protein denaturation pre-rigor. This review considers the influence of a faster than normal pH fall at a higher than normal pre-rigor temperature on glycolysis, post-mortem muscle proteins and subsequently meat quality attributes. Gaps in current knowledge are identified and recommendations made for additional research.
Introduction
Consequences of post-mortem muscle energy metabolism are the decline in pH, due to the accumulation of H + ions (England et al. 2013) , and metabolic heat production (Jacob and Hopkins 2014) . As the energy reserves decline post-mortem, the muscles in the carcass enter rigor mortis and the muscle temperature drops, due to the cessation of blood supply and the application of chilling. Muscles throughout the carcass vary in their rates of energy metabolism as well as their rates of temperature and pH decline, due to inherent metabolic differences and muscle size (Jacob and Hopkins 2014) . The rates of pH and temperature decline during rigor development are probably two of the most important post-mortem factors affecting meat quality in terms of colour, water-holding capacity (WHC) and tenderness (Marsh et al. 1981; Mancini and Hunt 2005; Savell et al. 2005 ; Thompson et al. 2006; Huff-Lonergan and Lonergan 2007; Kim and Hunt 2011) . In particular, an occurrence of abnormally high pre-rigor temperature accompanied by a faster than normal pH decline in muscle (also known as a protein-denaturing condition) has been shown to have detrimental impacts on meat quality attributes (some examples in different species are summarised in Table 1 ). Adverse effects of the protein-denaturing condition on pork quality (the typical abnormal meat quality known as pale, soft and exudative, PSE) have been extensively studied. PSE in pork is the classic example of the impact of a rapid pH fall at a high muscle temperature on quality. In earlier years, this condition was particularly frequent in pig carcasses due to a high prevalence of the halothane gene (Briskey 1964) , which has now been eliminated in most countries (Rosenvold and Andersen 2003) . However, beef and lamb processing plants in Australia and in the UK report low pH values in the loin (pH <6.0) when the temperature is still high (35À40 C) (Australian beef: Warner et al. 2014a ; Australian sheep: Thompson et al. 2005 , Pearce et al. 2010 UK sheep: Matthews 2011) , i.e. early post-mortem conditions very similar to those in pig carcasses developing PSE pork.
These protein-denaturing conditions of abnormally high temperature/rapid pH fall and subsequent PSE-like meat quality characteristics have been observed in muscles from beef and sheep carcasses (see above) and also in venison, poultry and turkey (see Table 1 for references). This appears to occur under various pre-rigor conditions, and it can be influenced by the application of electrical stimulation, hotboning and/or pre-rigor carcass chilling (Jacob and Hopkins 2014) . This review will discuss the influence of accelerated pH fall at a higher than normal pre-rigor temperature on glycolysis, Devine et al. 1999 Excised semitendinosus +/ÀES and pre-rigor excised muscle holding at 0, 5, 10, 25, 35 C until rigor
Colour: 35 C higher L* value, 25À35 C higher a* and b* values; WHC: 0À10 C similar WHC, 25À35 C lower WHC; ES: no effect on colour and WHC Farouk and Swan 1998 Excised semimembranosus +ES and pre-rigor excised muscle holding at fast and slow chilling for 24 h Colour: higher L* Hector et al. 1992 Carcass biceps femoris, semimembranosus, semitendinosus +/ÀES and 15 v. 37 C until rigor Tenderness: 37 C tougher sensory at 15 days, not WBSF Hertzman et al. 1993 Carcass longissimus +/ÀES applied to a side within a carcass, achieved high rigor temperature of 41 C (+ES) and 33 C with (-ES)
Tenderness: no difference in WBSF or consumer sensory; Colour: higher a* value with ES; WHC: increased purge after storage with ES, no effect on drip loss Hopkins et al. 2014 Excised
longissimus, semitendinosus
Pre-rigor excised muscle holding at 5, 15, 36 C for 24 h
Tenderness: 36 C, lowest WBSF followed by 15 C and 5 C. 36 C had greater extent of mcalpain autolysis and troponin-T degradation Hwang et al. 2004 Excised longissimus +/ÀES, +/Àwrapped and 15/38 C pre-rigor muscle holding until rigor mortis Tenderness: 38 C, higher WBSF (tougher), and no impact of either +ES or + wrapping on SF; WHC: 38 C, higher purge loss Kim et al. 2012 Carcass longissimus Carcasses from grass-fed and feedlot-fed steers; 0 v. 35 C for 3 h after slaughter Tenderness: for the feedlot-fed animals, 35 C higher WBSF, lower sensory tenderness and shorter sarcomere length. No ageing effect on tenderness for 7 days storage Lee and Ashmore 1985 Excised sternomandibularis Pre-rigor excised muscle, +/À wrapped (or restrained) holding for 24 h at 15 C or for 7 h at 37 C Tenderness: 37 C, more tender meat than rigor at 15 C; Colour: 37 C, paler colour; Odour: sweaty smell observed Locker and Daines 1975 Excised longissimus Pre-rigor muscle holding for 2 h at 27À40 C Tenderness: most tender (sensory) if temp. at 2 h was 40 C Lochner et al. 1980 Carcass longissimus Carcass +/ÀES Tenderness: ES lower WHC than non-ES counterpart; Colour: ES higher L*, a*, and b* than non-ES counterpart Roeber et al. 2000 Excised longissimus +/ÀES, +/Àwrapped and 15/35 C pre-rigor muscle holding until rigor mortis Tenderness: 35 C, higher WBSF (tougher), but +ES and/or +wrapping offset negative impact of 35 C on meat tenderness; WHC: no impact Rosenvold et al. 2008 Carcass longissimus Carcass, +/ÀES, 20 C Hz (no physical damage) and 37 C v. 2 C Tenderness: +ES higher toughness (sensory) and reduced juiciness (sensory), 1 day ageing Takahashi et al. 1984 Excised longissimus Post-rigor excised muscle holding at 15 v. 37 C for 3h
Tenderness: 37 C, initial improvement in WBSF, but higher WBSF after 21 days ageing WHC: 37 C, higher cook loss Thomson et al. 2008 (continued next page) Impact of high temperature and rapid pH decline on meat quality Animal Production Sciencepost-mortem muscle proteins and, subsequently, meat quality attributes, particularly meat tenderness, colour and colour stability, and WHC. Because the impacts of protein-denaturing conditions on post-mortem muscle metabolism have been predominantly studied in pork and only limited studies are available for muscles from ruminants, a considerable part of this review will focus on the former; however, its subsequent impact on meat quality attributes of other species will also be covered. Research and development gaps in current knowledge are included in each section to assist in the identification of future research needs on this important topic.
Impacts of accelerated glycolysis at a higher than normal temperature on denaturation of muscle proteins
Accelerated rates of muscle glycolysis early post-mortem result in low muscle pH when the muscle temperature is still high (and often higher than average), causing denaturation of muscle proteins. The rate of chilling of the muscle during rigor development influences glycolytic reaction rates, thereby influencing the rate of pH decline (Marsh et al. 1987; Pike et al. 1993) , and muscle temperature directly. Different muscles within a carcass can exhibit different chilling rates, particularly muscles in the hindleg and chuck of beef carcasses. Due to the high initial muscle temperature caused by metabolic heat production and the low thermal conductivity of muscle (Jacob and Hopkins 2014) , postmortem glycolysis would be completed in deep muscles before refrigeration can lower the temperature in these muscles to <15 C. Consequently, these muscles are more likely to suffer from muscle-protein denaturation, similar to PSE pork (Offer 1991) .
Several factors can be cited as evidence for denaturation of muscle proteins pre-rigor: Zhu et al. 2011 (1) The reduced solubility of the myofibrillar proteins in pork (Wismer-Pedersen 1959; Bendall and Wismer-Petersen 1962) . (2) The reduced solubility of the sarcoplasmic proteins in pork (Sayre and Briskey 1963) , in lamb and in beef (Hunt and Hedrick 1977b) . (3) The reduced activity of myofibrillar ATPase in rabbit (Penny 1967a (Penny , 1967b , in pork (Greaser et al. 1969) and in lamb muscle , and of myosin ATPase activity in rabbit muscle (Penny 1967a (Penny , 1967b . (4) The reduced activity of some sarcoplasmic proteins (Fischer et al. 1979 ). (5) The precipitation of sarcoplasmic proteins onto myofibrils in pork (Bendall and Wismer-Petersen 1962; Fischer et al. 1977 Fischer et al. , 1979 . (6) Denaturation of the myoglobin (globin moiety) (Zhu and Brewer 1998; Sammel et al. 2002; Zhu and Brewer 2003) .
All of these reductions are associated with the accelerated pH fall in musculature post-mortem, producing PSE-like meat.
Myofibrillar proteins and myosin ATPase activity
Myofibrillar proteins constitute 50-55% of the total protein content of skeletal muscle tissue, are soluble in 0.5 M salt solution (Helander 1957) , and are defined as those which make up the myofibril. The major myofibrillar proteins can be categorised as the contractile elements myosin (mol. wt 520 kD) and actin (mol. wt 42 kD), the cytoskeletal elements titin (mol. wt 2500 kD), nebulin (mol. wt 800 kD) and a-actinin (mol. wt 190 kD), and the regulatory elements tropomyosin (mol. wt 2 · 33 kD) and the troponins (mol. wt for I, C and T: 21, 18 and 31 kD, respectively) (Bagshaw 1993) . These proteins make up 43, 22, 10, 5, 2, 5 and 5%, respectively (Yates and Greaser 1983) , with other proteins equalling the remaining 8%.
Accelerated muscle pH decline (pH <6.0 at 45 min postmortem) when the muscle temperature is still high (>25À30 C) is expected to affect the ATPase active site of myosin and its overall conformation (Jacobson and Henderson 1973) . Specific denaturation of the active site is reflected in reduced ATPase activity, whereas general denaturation, which induces overall conformation changes, is reflected in altered solubility (Warner et al. 1997) . The two globular heads in myosin are responsible for Ca-ATPase activity (Hultin 1985) , and a decrease in Ca-ATPase activity is indicative of denaturation of the myosin heads.
As the ATPase activity of myosin is confined to the head, this suggests that it is the myosin-S1 that is denatured, although Stabursvik et al. (1984) suspected that the myosin tail (LMM) could also be involved. Penny (1967a) suggested that in prerigor muscle, myosin (which is bound to actin in the post-rigor myofibril) is more resistant to denaturation by low pH. For actomyosin, deactivation of the active site and changes in overall conformation due to pH occur at 43 C, and appear to involve an irreversible dissociation of the F-actin-myosin complex due to exposure of buried sulfhydryl groups (Jacobson and Henderson 1973) . For myosin alone, marked denaturation of the active site may occur at temperatures as low as 32 C, which is at a lower temperature than the changes in overall conformation, which occur at 43 C (Jacobson and Henderson 1973) . The core body temperature of grazing and feedlot cattle animals is about 38À39 C (Brown-Brandl et al. 2005; Cafe et al. 2011; Jacob et al. 2014b) but the interfacial seam between the semimembranosus (SM) and semitendinosus (ST) muscle can reach 42À44 C post-mortem, due to metabolic heat production (Jacob et al. 2014a) . Thus, it is expected that changes in the overall conformation of myosin can occur during high rigor temperatures conditions, particularly in the deep part of muscles such as the SM.
The susceptibility of myosin to denaturation depends on the myosin isoforms as well as on both the pH and temperature conditions, and these can vary markedly between muscles in one carcass. The myosin from bovine SM muscle (a typically white muscle) at an ultimate pH typical for the muscle of 5.50 is less heat-stable than myosin from bovine vastus intermedius (VI) muscle (a typically red muscle) at a pH typical for the muscle of 6.05 (Vega-Warner and Smith 2001) . However, when the heat stability is compared at the same pH, the myosin from the VI is actually less heat-stable. Note that the specific sampling within the SM was not specified by Vega-Warner and Smith (2001) , and it is known that the beef SM has more PSE-like qualities (colour, WHC, firmness and exudate, but not pH) in the inner than the outer portion (Hunt and Hedrick 1977b) . The percentage of red and white fibres between the outer and inner portions of the SM is relatively consistent (Hunt and Hedrick 1977b) indicating that the difference in quality between the outer and inner portions is most likely driven by the slower rate of cooling in the inner portion. The effects of temperature on the pH decline observed by varying muscle depth are clearly reflected by the denaturation of myosin, as indicated by myofibrillar ATPase activity (Tarrant and Mothersill 1977) . Myofibrillar ATPase activity was 29% lower at 8 cm depth in beef adductor (AD) muscle than at 1.5 cm depth. The samples from 8 cm depth in the muscle also had faster pH decline, and examination of these samples at 2 days post-mortem revealed paler, softer and wetter appearance compared with samples from 1.5 cm depth. These beef muscles were described as having developed a mild form of PSE characteristics, which are often observed in pork and previously described in beef (Hunt and Hedrick 1977b) . The PSE characteristics increased with depth in the muscle (Tarrant and Mothersill 1977) .
Substantially higher levels of myosin (extracted from dark chicken meat) denaturation occur under oxidising conditions at 37 C, as indicated by loss in Ca-ATPase myofibrillar protein activity, relative to non-oxidising or anti-oxidising conditions (Li and King 1996) . Low-pH meat is an oxidising environment and muscles at a high temperature (25À40 C) and a low pH (5.4-5.7) post-mortem would suffer damage and denaturation of myosin. Furthermore, the exposed myosin is more susceptible to denaturation than when in the actomyosin complex (Penny 1967a) , and thus myosin in pre-rigor muscle undergoing rapid pH fall at high muscle temperatures would be particularly susceptible to denaturation. Offer (1991) proposed that carcasses undergoing intermediate rates of pH decline might be more susceptible to the PSE condition than carcasses with extremely rapid rates of pH decline. He postulated that the exposure of myosin to a higher pH for a longer time causes more extensive myosin denaturation than exposure to a lower pH for a shorter time pre-rigor. However, once the rigor complex between actin and myosin forms, myosin would be protected from further denaturation (Offer 1991) . The studies by Warner et al. (2014b) and Kim et al. (2014) provide evidence to support this hypothesis. They show that muscles with extremely long sarcomeres (and thus less myosin protected by the rigor bond) had more myosin denaturation than muscles with normal sarcomere lengths (e.g. for gluteus medius, 2.71 and 1.91 mm, respectively). Izumi et al. (1977) reported that the denaturing conditions that occur in PSE muscle caused irreversible binding of actin to myosin, which resulted in a lack of contractility, reduced solubility and absence of the Mg 2+ -activated myosin ATPase activity. Sung et al. (1977) found that in PSE muscle, some myosin could be extracted from the myofibril that retained ATPase activity but did not exhibit the initial burst of phosphate liberation that normally occurs. They further reported that the myofibrillar ATPase in PSE muscle had a reduced Vmax (maximum velocity of turnover of substrate in enzyme), but that Kapp [dissociation constant of acto-HMM, (heavy meromyosin), which measures the affinity of binding] was unchanged. They concluded that the basic malfunctions in PSE muscle were the irreversible binding of myosin to the actin filaments and functional damage to the myosin ATPase (Sung et al. 1981) . Myosin extraction occurs via depolymerisation of the thick filament backbone (promoted by rising ionic strength and presence of pyrophosphate) and dissociation of the myosin heads from actin (promoted by NaCl and pyrophosphate in the presence of Mg 2+ ) (Parsons and Knight 1990) . Thus, if myosin is irreversibly bound to actin in PSE muscle , it will be difficult to extract. Furthermore, titin and nebulin are degraded more slowly in post-mortem muscles from stresspositive than from stress-negative animals (Boles et al. 1992a) , which may also limit extraction of myofibrillar proteins.
Sarcoplasmic proteins
For skeletal muscle tissue, the sarcoplasmic proteins account for 30-34% of the total protein, are soluble in dilute salt solutions (<0.1 M), are usually classified into four fractions-nuclear, mitochondrial, microsomal and cytoplasmic (Morissey et al. 1987) , and consist of 150-200 different proteins. The pre-rigor changes in cytoplasmic proteins appear to be important in PSE muscle. The cytoplasmic proteins include all the enzymes involved in glycolysis and these are the main proteins discussed in this section. The isoelectric points of these proteins are in the range pH 6-7 (Morissey et al. 1987) . The influence of accelerated glycolysis at a higher than normal temperature on colour is considered in a later section (see Impacts of fast pH fall at a high muscle temperature on meat colour) and these conditions are known to induce changes to the myoglobin molecule. Proteases, which also reside in the sarcoplasm and are denatured during high rigor temperatures are discussed in the section Evidence for the effects of rapid decline on tenderness. Bendall and Wismer-Pedersen (1962) first suggested that deposition of denatured sarcoplasmic proteins onto the myofilaments caused reduced extractability of myofibrillar proteins, without necessarily involving the denaturation of these proteins. Fischer et al. (1979) reported that the solubility and activity of the enzymes phosphorylase (mol. wt 180 kD; Scopes 1970) and creatine kinase (CK, mol. wt 42 kD; Scopes 1970) were decreased in PSE muscle and that they were precipitated onto the myofibril. Savage et al. (1990) reported that the concentration of CK and phosphoglycerate kinase (PGK, mol. wt 36 kD; Scopes 1970) in the drip from pork muscle decreases as the amount of drip increases, implying that these enzymes have precipitated and bound onto the myofibrillar proteins. Both CK and PGK have been shown to be particularly susceptible to denaturation and precipitation (Scopes 1964; Fischer et al. 1978) . M. Greaser and T. Ishii (pers. comm.) found little evidence for association of any proteins with the myofibrils, except CK and phosphorylase, in PSE muscle. They applied a range of extracting solutions (various combinations of 0.01/0.2 M Na 2 HPO 4 , 0.1/0.5/1.1 M Na 4 P 2 O 7 , 0.5/1.1 M NaCl, 1 mM ATP, pH 5.5/8.0) to normal and PSE muscle, and concluded that the poor extractability of myofibrillar proteins in PSE meat was due to myosin denaturation rather than sarcoplasmic proteins coating the myofibrils. Sayre and Briskey (1963) reported that similar sarcoplasmic protein solubilities were obtained for muscles held at temperatures below or above 35 C, when samples were taken before the onset of rigor. However, for samples taken at the onset of rigor, high muscle temperature reduced the solubility of sarcoplasmic proteins if the pH was <6.0. Muscles that entered rigor >35 C with pH 5.3-5.8 yielded the lowest protein solubility. On the other hand, when muscles entered rigor at a pH >6.0, or had a high ultimate pH, then the protein solubility was not affected by temperature, i.e. they retained high protein solubility. These results emphasise the importance of temperature interaction with the rate of pH decline at rigor onset (Sayre and Briskey 1963) .
The effects of temperature on pH decline, as indicated by varying muscle depth, is clearly reflected by the denaturation of sarcoplasmic and myofibrillar proteins (Tarrant and Mothersill 1977) . Denaturation of sarcoplasmic proteins is indicated by almost total loss of CK activity during rigor onset at 8 cm in the AD and SM muscles, and faster depletion of ATP at 8 cm than at 1.5 cm depth.
Recommendations
It is not clear whether the proteins, particularly myosin, from different muscles, fibre types and species, vary in the conditions under which they denature.
In addition, the impact of duration of denaturing conditions on the extent of denaturation (and implications for subsequent quality) has not been clearly elucidated, although Offer (1991) provided a hypothesis.
Impacts of rapid pH decline at a high muscle temperature on tenderness
Tenderness is an important meat quality trait, and the biological, structural and physiological mechanisms underlying meat tenderness have been extensively investigated (Dransfield et al. 1981; Koohmaraie 1988; Tornberg 1996; Harper 1999) . Essentially, meat tenderness is determined by the amount and solubility of connective tissue, sarcomere shortening during rigor development, and post-mortem proteolysis of myofibrillar and myofibrillar-associated proteins (Koohmaraie and Geesink 2006) . The rate of post-mortem energy metabolism is a key determinant of sarcomere shortening and proteolysis postmortem, and may have an influence on collagen characteristics; thus, these are discussed below.
The evidence for the impacts of rapid pH decline at a higher than normal muscle temperature on tenderness is summarised:
(1) In general, exposing pre-rigor muscle to higher than normal temperature (!35 C), in combination with a rapid pH decline, results in adverse impacts on meat tenderness (so called heat-induced toughening).
(2) The incidence of the heat-induced toughening of meat can be attributed to a combined effect of heat-induced additional sarcomere shortening and alterations of proteolytic enzyme activities. (3) In particular, the decrease in ageing potential (either early exhaustion of proteolytic enzyme activities or elevated protein denaturation, which consequently limits the proteolysis) could be a main factor in reduced tenderisation in meat from high pre-rigor temperature carcasses. (4) The increased tenderness seen in unaged meat (at 1-2 days post-slaughter) that has undergone high rigor temperatures may be explained by early activation of the calpain system and possibly changes to the collagen solubility.
This evidence is expanded below.
Evidence for the effect of rapid pH decline on tenderness
Numerous studies have reported the adverse impacts of the accelerated pH decline combined with high temperature on post-mortem meat tenderness development (so called heatinduced toughening) in beef (Hertzman et al. 1993; Devine et al. 1999; Rosenvold et al. 2008; Thomson et al. 2008) , lamb (Jaime et al. 1992; Geesink et al. 2000; Devine et al. 2002; Wiklund 2011), pork (van der Wal et al. 1988; Fernandez et al. 1994; Channon et al. 2000) and poultry (McKee and Sams 1998; Molette et al. 2003; Zhu et al. 2011) (some of which are also summarised in Table 1 ). In general, meat entering rigor at 15 C produces more tender loin meat, as assessed by both sensory and instrumental tenderness measurement (Warner-Bratzler shear force; WBSF) than meat that has entered rigor at 35À38 C (Devine et al. 1999) . Hertzman et al. (1993) determined that high temperatures post-mortem caused increased sensory toughness, but not WBSF toughness, in beef SM and ST, but not in biceps femoris (BF) muscles. In addition, comparing sheep loins entering rigor at 18 C and 35 C, Devine et al. (2002) reported that WBSF was similar at 1 day postmortem, but after 3 days ageing, the 35 C muscles had higher WBSF and did not age to the same extent. Rosenvold and Wiklund (2011) found that lamb loins (from non-stimulated carcasses) held at 42 C pre-rigor had a significantly higher shear force value than loins held at 15 C pre-rigor (86 N and 48 N, respectively), even after 7 weeks of ageing at -1.5 C, indicating that the extended ageing did not overcome the detrimental effect of high temperature/rapid pH decline on meat tenderness development. PSE meat in pig loin, known to be caused by rapid pH decline at a high muscle temperature, has been found to have acceptable 1-day WBSF values, but fails to age compared with 'normal' pork, resulting in non-tenderised pork after 5 days of ageing (Channon et al. 2000) .
Some studies show that applying either electrical stimulation or muscle restraining (or wrapping) can override the detrimental effects of heat-induced toughening of meat (Devine et al. 1999 (Devine et al. , 2002 Rosenvold et al. 2008; Rosenvold and Wiklund 2011) , although others found no benefit (Hertzman et al. 1993; Farouk and Swan 1998; Kim et al. 2012) . Regardless of the conflicting results (due to different pre-rigor processing, muscle and/or species), in general, most of the studies agree that exposing pre-rigor muscle to high temperature (!35 C), accompanied by a rapid pH decline, results in a reduced ageing potential, thus adversely affecting meat tenderness development. The phrase 'heat toughening' has long been used as a term to describe the reduced ageing effect of muscle undergoing the pre-rigor high temperature condition. However, it has been pointed out that this term does not correctly describe the occurrence, primarily for two reasons (C. Devine, pers. comm.) . First, a definition of 'heat' is energy transferred from one body to another by thermal interactions. Heat is not a property of a system or body, but instead is always associated with a certain thermal process. This transfer can occur at any temperature above 0 K. Cold refers to the condition or subjective perception of having low temperatures, the opposite of hot. Thus, heat would not be entirely the correct word to use for this circumstance (but 'hot' would be more precise in this perspective). Second, 'toughening' (i.e. an increase in shear force) does not occur, but the meat does not tenderise as it should, mainly due to reduced ageing potential (i.e. reduced tenderisation or no tenderisation rather than toughing). Therefore, a phrase such as 'reduced tenderisation at elevated temperature', or at least 'heat-induced toughening', would be a more precise way to describe the incidence.
The exact mechanism by which the abnormally low pH/high temperature condition negatively affects meat tenderness has not been fully elucidated (although 'heat shortening' was historically considered to be the major phenomenon causing heat-induced toughening; Locker and Hagyard 1963; Lee and Ashmore 1985; Hertzman et al. 1993) . Furthermore, other studies described contrasting results, where accelerated pH decline combined with high muscle temperature actually improved meat tenderness (Locker and Daines 1975; Hwang et al. 2004; Thomson et al. 2008) . Lochner et al. (1980) compared the sensory tenderness of beef loins with a 2-h temperature of 27À40 C and found that the loins with a 2-h temperature of 40 C were most tender. Locker and Daines (1975) determined that beef neck muscle (M. sternomandibularis) undergoing prerigor holding temperature at 37 C had lower shear force values than the muscle held at 15 C, when measured at 1 day postmortem. Furthermore, they found that, as the rigor temperatures approached 37 C, the shear force of the muscles decreased, indicating an improvement of tenderness with increasing prerigor holding temperatures. Similar positive impacts of high pre-rigor temperatures on meat tenderness of beef M. longissimus (LD) and SM at 36 C (Hwang et al. 2004 ) and venison LD at 42 C (Bekhit et al. 2007) were also reported. However, most of the studies observing improved tenderness by high pre-rigor temperatures were assessed at 1 day post-mortem, and therefore the confounding effects of ageing in meat tenderness development were not taken into consideration.
Influence of sarcomere (heat) shortening on tenderness
The relation between the rate of glycolysis (pH decline) under different pre-rigor temperatures and the degree of shortening has been well studied (Marsh 1954; Locker and Hagyard 1963; Honikel et al. 1983; Smulders et al. 1990 ). Locker and Hagyard (1963) determined that shortening was minimal when pre-rigor muscles were held at 15À20 C, whereas substantial shortening was observed in muscles when exposed to pre-rigor temperatures either appreciably above or below this intermediate temperature range (Fig. 1) . Particularly, they found more severe shortening (almost 50% of their normal length) at a lower temperature (0 C; cold shortening) than at a higher temperature (about 30% shortening at 42 C; heat shortening or rigor shortening). This observation indicates that variations in the rate of rigor development alter the muscle structure (Dransfield 1994) and that muscle shortening occurring during the development of rigor mortis is temperature-dependent (Locker and Hagyard 1963) .
Cold shortening caused by rapid temperature decline before the completion of rigor mortis results in an immediate shortening driven by increased cellular calcium through leakage from the sarcoplasmic reticulum (Locker and Hagyard 1963; Bendall 1978; Thompson et al. 2006) . Honikel et al. (1983) reported that beef neck muscles incubated at pre-rigor temperature of À1 C resulted in a very rapid and intensive shortening (the muscle shortened by 20 cm within 2 h of incubation), and the onset of rigor was likely to occur at pH 6.85, with high ATP concentration. By contrast, in muscles at pre-rigor temperatures >15 C, shortening did not start at pH values >6.25, indicating that cold shortening can be initiated at any time post-mortem, whereas heat shortening would occur at the onset of rigor rather than before, and at a relatively low ATP concentration (Honikel et al. 1983) . Therefore, heat shortening tends to be less severe than cold shortening in the extent of total shortening (%) due to a lack of ATP to stimulate irreversible actomyosin bridge formation (Marsh and Leet 1966; Thompson et al. 2006 ).
However, despite the different degree of shortening, both cold and heat shortening will cause sarcomere shortening and hence a reduction in the myofibrillar lattice. In general, shortening is recognised as one of major contributors to decreased meat tenderness, where the shorter the sarcomere, the tougher the meat (Marsh and Leet 1966; Herring et al. 1967; Tornberg 1996) . Furthermore, the detrimental impact of heat shortening on meat tenderness has been reported (Marsh and Leet 1966; Davey and Gilbert 1973; Bowling et al. 1978; Lee and Ashmore 1985; Hertzman et al. 1993; Geesink et al. 2000) . Lee and Ashmore (1985) determined that beef loins from carcass sides held at 35 C for 3 h after slaughter had significantly higher WBSF, lower sensory tenderness and shorter sarcomere length than the loins from carcass sides held at 0 C (see Table 2 ). Additionally, restraining pre-rigor beef muscles exposed at high temperatures (!35 C) by wrapping, stretching or hanging seems to overcome heat-induced toughening (Devine et al. 1999; Rosenvold et al. 2008; Kim et al. 2014; Warner et al. 2014b) by minimising shortening, which could indirectly indicate the role of heat shortening in meat tenderness as well. However, several studies (as discussed below) have also identified that occurrence of heat-induced toughening cannot be solely explained by heat shortening when proteolysis and limited ageing effect are taken into consideration.
In fact, a complicated or inconsistent relationship between pre-rigor temperature, sarcomere length and tenderness has been reported. Geesink et al. (2000) found that although a substantial difference in sarcomere length between lamb loins held at 35 C and 5 C pre-rigor was observed (1.5 and 1.9 mm, respectively), it did not result in differences in shear force values at 1 day postmortem. At 14 days post-mortem, the loins held at 5 C had reduced shear force values, whereas the shear force of the loins held at 35 C was unchanged. Smulders et al. (1990) concluded that the rate of glycolysis has a significant impact on the correlation between sarcomere length and tenderness. They found a lower impact of sarcomere length on tenderness in muscle that had undergone rapid glycolysis. By contrast, muscle undergoing slow glycolysis Table 2 . Effect of pre-rigor temperature (08C and 358C) on shear force and sarcomere of beef m. longissimus from steers (~18 months old) fed either on grass or in feedlot One side of each carcass was chilled in either 08C or 358C for 3 h after slaughter, after which it was subjected to the same chilling condition of 08C. From Lee and Ashmore (1985) (reproduced with permission from Journal of Animal Science). Within rows, means followed by the same letter are not significantly different at P = 0.05 0 C 3 5 C Ageing time:
3 days 7 days 3 days 7 days WBSF A Feedlot-fed 7.4 ± 0.17c 6.9 ± 0.09d 8.0 ± 0.13e 7.8 ± 0.10e Grass-fed 10.7 ± 0.31c 8.4 ± 0.23de 9.1 ± 0.31d 8.1 ± 0.29e
Sarcomere length B Feedlot-fed 1.9 ± 0.02b 1.7 ± 0.4c Grass-fed 1.6 ± 0.02c 1.6 ± 0.04c A Warner-Bratzler Shear force value, expressed as kg force/2.0 cm core. B Sarcomere length (mm) was determined after 7 day ageing.
(pH >6.3 at 3 h post-mortem) appeared to present a strong correlation between tenderness and sarcomere length (r = +0.84 and -0.80, respectively, for sensory and shear force), suggesting that shortening only influenced tenderness when glycolysis was relatively slow. This could partially explain the much more severe impact of cold shortening (high pH at 3 h post-mortem) on tenderness compared with heat shortening (relatively low pH at 3 h post-mortem), as described in the previous section. Moreover, different muscle fibres differ in their rate of energy (ATP) depletion and pH decline. In particular, oxidative muscle fibres are more susceptible to cold shortening compared with glycolytic muscle . Moreover, other studies found no substantial effects of high pre-rigor temperatures on sarcomere length (Farouk and Swan 1998; Farouk and Lovatt 2000; Devine et al. 2002; Bekhit et al. 2007; Kim et al. 2012) . Kim et al. (2012) tested the effects of electrical stimulation and wrapping on beef loins held at 38 C pre-rigor on chemical, physical and biochemical attributes during ageing. This study was conducted because a previous study by Rosenvold et al. (2008) found that applying electrical stimulation and/or wrapping could protect from the detrimental impacts of hot-boned beef loins held at 35 C pre-rigor. However, in contrast to the findings by Rosenvold et al. (2008) , holding pre-rigor beef loin at 38 C until rigor resulted in significantly higher shear force values than in the loins held at 15 C for up to 14 days post-mortem, regardless of electrical stimulation and/or wrapping (Fig. 2) . Furthermore, no difference in sarcomere length of the loins from the two prerigor temperatures (15 C and 38 C) was found, regardless of electrical stimulation and wrapping. The authors concluded that the incidence of heat-induced toughening was likely due to elevated protein denaturation, which subsequently limited the extent of m-calpain autolysis and desmin degradation, resulting in a limited ageing potential of the meat (Fig. 3) .
Proteolysis and reduced ageing potential in high rigor temperature muscles
Meat tenderness substantially improves with ageing through myofibrillar protein degradation by endogenous proteolytic enzymes in muscle. It is well established that calpains play a significant role in post-mortem protein degradation, and thus influence meat tenderisation (Koohmaraie 1996; Goll et al. 2003; Huff-Lonergan and Lonergan 2005) . Pre-rigor processes, particularly different rates of pH and temperature decline at early post-mortem, have a profound impact on proteolytic enzymes (mainly m-calpain), subsequently affecting the ageing potential for tenderisation of the meat (Dransfield 1994; Hwang and Thompson 2001; Melody et al. 2004) .
Numerous studies have reported adverse effect of higher than normal pre-rigor temperature on ageing potential, or limited tenderisation with an extended ageing storage period (see Table 1 for references). Although some studies found improved tenderness (presumably by accelerated proteolytic enzyme activities) at high pre-rigor temperatures (Whipple et al. 1990; Hwang et al. 2004; Thomson et al. 2008) , most studies reported that tenderness improvement was only a transient effect, and no further tenderisation took place in meat exposed to high rigor temperatures. In fact, there is general agreement that early activation of m-calpain by elevated free calcium ions (Hwang et al. 2004) , combined with high pre-rigor temperatures, results in faster degradation of myofibrillar proteins. However, it eventually causes an early exhaustion of proteolytic enzyme longissimus lumborum aged for 1 day and 14 days at 2 C run on 8% gels. Top band corresponds to the unautolysed 80-kDa subunit, the middle band corresponds to the autolysed 78-kDa subunit, and the bottom band corresponds to the autolysed 76-kDa subunit. (b) Western blot depicting desmin degradation product of m. longissimus aged for 1 day and 14 days at 2 C run on 10% gels activity, possibly due to faster autolysis, and thus a decrease in proteolysis with extended ageing (Whipple et al. 1990; Dransfield 1994; Rhee et al. 2000; Rhee and Kim 2001; Thomson et al. 2008; Kim et al. 2013; Warner et al. 2014b Warner et al. , 2014c . Kim et al. (2010) found less m-calpain autolysis (based on using whole muscle protein extract, including sarcoplasmic and myofibrillar proteins) and less desmin/troponin-T degradation in the deep portion of the SM muscle compared with the superficial portion of the SM. Furthermore, Kim et al. (2012) also determined that beef loins held at high pre-rigor temperature (38 C) had higher shear force values and a lesser extent of mcalpain autolysis and desmin degradation (Figs 2 and 3) throughout the entire ageing period (14 days) compared with loins held at 15 C. Although rapid onset of rigor mortis was observed due to the accelerated glycolysis by high temperature, no differences in sarcomere length were found between the two pre-rigor temperatures regardless of electrical stimulation and wrapping (Kim et al. 2012) . Hwang et al. (2004) concluded that optimising ageing potential is a more significant factor affecting the meat tenderisation process during ageing storage, rather than the impact of structural conformation in shortened muscle on meat tenderness. This indicates the importance of maximising ageing potential for meat tenderness. It also suggests a more significant impact of limited ageing potential under high pre-rigor temperature on heat-induced toughening of meat over the incidence of heat shortening. In a recent study, Kim et al. (2013) , showed that even moderately high pre-rigor temperature (27 C for 1 h post-mortem) induced early activation of m-calpain and resulted in less overall tenderisation after 14 days of ageing of lamb loins compared with the counterpart loins from lamb carcasses held at 20 C for 1 h post-mortem.
Influence of rapid pH decline on connective tissue
Data are lacking on the influence of post-mortem metabolism and high muscle temperature on connective tissue and its solubility. Bailey and Light (1989) stated that it is unlikely, considering the nature of connective tissue, particularly its stability and slow turnover, that collagen, elastin or the other constituents of connective tissue are affected by any treatments immediately pre-slaughter or post-slaughter. The general conclusion is that changes in connective tissue post-mortem and during ageing are negligible, and unlikely to contribute to the tenderisation (Bailey and Light 1989) . However, PSE pork muscle has been found to have an increased percentage of salt-soluble collagen and heatlabile collagen relative to normal pork muscle (McClain et al. 1969 ). In addition, Wu et al. (1981) reported the positive impacts of high pre-rigor temperature in bovine muscle on lysosomal enzyme activities and its concomitant positive impact on dissolution of collagen fibres and beef tenderness. These observations in beef and pork may assist in explaining the increased tenderness seen in high rigor temperature muscle at 1 day post-slaughter, but do not explain the lack of tenderisation seen with ageing.
Recommendations
Extensive studies have been undertaken to determine the effects of accelerated pH decline accompanied with higher than normal pre-rigor temperature on meat tenderness, particularly focusing on heat-induced shortening and alteration in the post-mortem meat tenderisation process. These studies have produced quite variable, and sometimes conflicting, results. Thus, there are still gaps in our knowledge, and for these reasons, the following recommendations are made.
(1) There is still limited understanding of the underlying mechanism by which endogenous proteolytic systems are influenced by high pre-rigor temperatures Most attention has been given to two major proteolytic enzyme systems, namely cathepsins and calpains, but the possible role for other potential proteolytic systems (i.e. proteasomes and caspases) and involvement of apoptosis, or cell death (Herrera-Mendez et al. 2006) , in the meat tenderisation process under high pre-rigor temperature have not been investigated. Recently, Balan et al. (2014) reported a significant correlation between degradation of small heat shock proteins (20 and 27) and myofibrillar protein degradation of bovine muscle, which partially supports a recent hypothesis of the involvement of heat shock proteins (or apoptosis) in meat tenderness (Herrera-Mendez et al. 2006; Pulford et al. 2008 Pulford et al. , 2009 Lomiwes et al. 2014) . It would therefore be worthwhile to consider and further explore our understanding in these potential systems with relation to the consequence of high pre-rigor temperature and meat tenderness. (2) Furthermore, as discussed above, effects of high pre-rigor temperatures on collagen solubility and subsequent meat tenderness development have not been fully investigated. (3) One of the possible reasons for the inconsistent results could be attributed to the fact that most of the studies often overlooked, or did not take into account, the various compounding important intrinsic/extrinsic factors such as animal background (breed, age, sex, castration status, and/or feeding condition), pre-slaughter animal handling (particularly level of animal stress), seasonal (environmental) impact, and variation in different muscle fibre types and location. Obviously, it is not possible for a single study to integrate all of these factors to investigate the effects of accelerated pH decline with higher than normal pre-rigor temperature on meat tenderness. However, meat scientists need to be aware and to take these factors (or at least one) into consideration when designing future studies in this subject area. Future studies need to be expanded from in situ excised pre-rigor muscles under different incubation temperatures to measuring muscles in vivo and in the intact carcass, under commercial conditions.
Impacts of rapid pH decline at a high muscle temperature on meat colour
Colour is one of the most important attributes of meat. It is the primary attribute by which both fresh and cured meats are judged by the consumer before purchase. The desirable colour of meat is usually reddish-pink (or bright cherry red), which indicates to the purchaser that the product is wholesome and edible. Meat colour is usually assessed at grading, at about 24 h, and then on the supermarket shelves. The rate of discoloration on retail shelves is an important consideration, as retailers start to discount product, or remove it from the shelves, once the colour starts to deteriorate. Muscle colour depends on the concentration of pigments, mainly myoglobin, the chemical state of myoglobin and the extent of light scattering. The evidence for impacts of rapid pH decline at a higher than normal muscle temperature on meat colour is summarised as follows:
(1) Pre-rigor muscles undergoing higher than normal temperature accompanied by a rapid pH decline result in paler colour and reduced colour stability of meat. (2) The decreased colour stability can be attributed to protein denaturation (particularly myoglobin and/or myofibrillar) as a primary factor, and possibly to altered oxygen consumption by endogenous enzymes and/or metmyoglobin reducing ability. (3) The paler colour can be attributed to light scattering.
These factors are discussed below.
Influence of high rigor temperature on meat colour
The rapid pH decline at high muscle temperature condition has been well known to affect both meat colour at grading and colour stability. In particular, the incidence in pork, recognised as meat being very pale in colour under rapid pH decline in the early pre-rigor period, has been extensively studied (WismerPedersen 1959; Wismer-Pedersen and Briskey 1961; Offer 1991; Fernandez et al. 1994; Warner et al. 1997; Joo et al. 1999) . However, the effect of rapid pH decline on the paleness of meat has also been studied in other species, as summarised in Table 1 .
Conditions that are PSE-like can vary with depth in beef muscles in the hindquarter. For example, the interior portion of SM cools at a much slower rate than the surface portion of the muscle (DT>15 C at 2 h post-mortem), and a much faster pH decline is observed in the interior than the surface (DpH >0.5 at 3 h post-mortem) (Sammel et al. 2002) . This results in a much lighter colour in the interior portion of the hindquarter than the superficial portion (MacDougall 1982; Renerre 1990; Sammel et al. 2002; Seyfert et al. 2004; Kim et al. 2010) .
Furthermore, the rapid glycolysis of beef muscle while temperature is high seems to result in brighter and more red colour at the initial display. In a recent beef experiment, we found that hot-boned beef loins (within 30 min post-mortem) placed in a 38 C water bath during the pre-rigor period appeared to have greater L* (lightness) and a* (redness) values at 1 day postmortem compared with the loins held at 15 C, regardless of electrical stimulation of the beef carcass (Figs 4 and 5) . Furthermore, the greater b* (yellowness) and hue angle (indication of discoloration) values seen in loins held at 38 C pre-rigor compared with loins at 15 C (data not shown) could indirectly indicate a possibility of more rapid discoloration of the loins exposed to the accelerated glycolysis under high temperature condition.
In fact, a transient colour improvement (more bright red) due to the PSE-like condition in beef has been reported by many researchers (Ledward 1985; Renerre 1990; Young et al. 1999; Roeber et al. 2000; Sammel et al. 2002) , which could be beneficial at times for carcass grading (Roeber et al. 2000) . However, decreased colour stability due to greater accumulation of metmyoglobin and rapid discoloration of muscle submitted to the rapid pH decline/high temperature condition has been also reported (Kim et al. 2010; Ledward 1985; Sammel et al. 2002) .
The severe discoloration of muscle under rapid pH decline/ high temperature has also been found in venison and lamb meat. Bekhit et al. (2007) determined that venison LD held at 42 C pre-rigor temperature had the highest rate of change of redness values during display time compared with other pre-rigor temperatures (0, 15, 25, 30 and 35 C) . Rosenvold and Wiklund (2011) found in their study of lamb loins that LD held at 42 C pre-rigor temperature had higher L* and a* values than loins at other pre-rigor temperatures (5, 15 and 25 C) at the initial display time. However, as display time increased, it showed more discoloration (indicated by higher hue angle values) than other loins, confirming lower colour stability of the loins exposed to the protein-denaturing condition.
Paler colour and decreased colour stability of meat undergoing rapid pH decline and high temperatures could be attributed to a significant denaturation of sarcoplasmic (particularly myoglobin) and/or myofibrillar proteins (structural changes influencing WHC), altered oxygen consumption by endogenous enzymes and/or altered metmyoglobin reducing ability, as discussed in the following sections. 
Light scattering and meat colour
Light scattering in meat has been postulated to cause the increased paleness observed in meat of rapid pH decline. Meat of rapid pH decline has increased weep/water on the surface, reduced myofilament spacing due to lower pH levels (Swatland 2012) and myosin denaturation (Offer 1991) , and also has denatured sarcoplasmic proteins, which aggregate together in the sarcoplasm and also bind to myofibrils (Goldspink and McLoughlin 1964) . All of these factors have been postulated to contribute to the paleness and are discussed below.
Weep, exudate or water on the meat surface, such as with PSElike meat, can cause spectral reflectance to occur. This appears to the eye as a 'gloss' on the surface, and causes the surface to reflect more light, thus influencing colour measurements and human perception (Judd and Wyszecki 1975) . Offer and Knight (1988) proposed that sarcoplasmic protein denaturation in PSE meat causes incident light to be scattered to about twice the extent that it is scattered in 'normal' muscle, causing light to penetrate to a shallower depth and to be adsorbed to a smaller extent by myoglobin. Because meat is partially translucent, a portion of the incident light is transmitted below the surface and reflected internally. The colour of meat is determined by scattering as well as absorption, and Offer (1991) proposed that the increased light scattering in PSE muscle arises from reduced gaps between myofibrils. The idea that the paleness of PSE meat originates from the increased lateral surface reflectance of myofibrils at low pH was first proposed by Hamm (1960) and has received very little attention, as it is hard to test this theory. Offer and Knight (1988) have also proposed that the pale colour in PSE meat is due to the bands of alternating, super-contracted and stretched myofibrils.
Sarcoplasmic protein denaturation and myoglobin oxidation
The rapid pH decline post-slaughter has an adverse impact on the redox stability of myoglobin, the primary pigment (mol. wt 16 700 D) responsible for meat colour (Kim and Hunt 2011) . Myoglobin comprises a prosthetic heme group and a single polypeptide protein or globin molecule, which protects the heme iron group from oxidation by surrounding it as a pocket. Thus, the protein-denaturing condition of rapid pH decline/high temperature can disrupt the globin moiety's ability to protect the heme, which subsequently leads to the unfolding of globin moiety, thus allowing a greater autoxidation of the pigment and a higher susceptibility to metmyoglobin (oxidised pigment) formation during display (Livingston and Brown 1981; Renerre 1990; Kim and Hunt 2011) . Zhu and Brewer (2003) observed that when the damage to the globin moiety occurred, the redox ability of myoglobin decreased, so the extent of reduction of metmyoglobin is substantially decreased. Furthermore, at the low pH values (<6), metmyoglobinreducing activity is more depressed, which could be attributed to the pH-induced denaturation of the globin moiety (Zhu and Brewer 2003) , and the rate of autoxidation increases with decreasing pH and increasing temperature (Ledward 1985) . Therefore, faster than normal pH decline combined with higher than normal temperature of pre-rigor muscle can result in myoglobin denaturation (or damage on globin moiety) and subsequent elevated autoxidation (Zhu and Brewer 2003) . Hence, maintaining the integrity of the globin molecule by protecting it from physicochemical stress is critical in terms of preserving colour stability of meat. Sammel et al. (2002) found that the interior portion of SM had higher lipid oxidation and metmyoglobin formation than the superficial portion of the muscle. However, when they applied partial hot-boning by exposing the interior portion of the round muscle, it accelerated chilling of muscles in the hindquarter and subsequently facilitated no difference in lipid oxidation and metmyoglobin formation, resulting in more uniform colour between the interior and superficial portion of the muscle (Sammel et al. 2002) . This indicates that the chilling rate (or pre-rigor temperature) plays a crucial role in the redox stability of myoglobin, particularly in the deep, interior portion of round muscles, subsequently affecting meat colour and colour stability (Seyfert et al. 2004 ).
Metmyoglobin-reducing activity and oxygen consumption
The rapid pH decline achieved at higher temperatures could also adversely affect metmyoglobin-reducing ability and thus result in decreasing colour stability of meat. Meat has a limited ability to reduce the oxidised ferric state of myoglobin to the reduced ferrous state via its endogenous reducing system, which includes essential co-factors such as NADH and metmyoglobin reductase (Giddings 1974; Bekhit and Faustman 2005) . Several studies report that metmyoglobin reductase is not heat-stable and its activity decreases with increasing temperatures (Hagler et al. 1979; Livingston et al. 1985; Faustman et al. 1988; Mikkelsen et al. 1999; Osborn et al. 2003) . Rapid pH decline has also been reported to decrease metmyoglobin reductase enzyme activity (Faustman and Cassens 1990) . Zhu and Brewer (1998) reported lower metmyoglobin reductase activity and greater metmyoglobin accumulation in PSE pork than in normal and DFD (dark, firm and dry) pork. They speculated that the lower metmyoglobin reductase activity of PSE pork could be due to enzyme denaturation by the rapid pH decline/high temperature condition. Sammel et al. (2002) also reported that the interior portion of beef SM could display PSE-like characteristics, with lower metmyoglobin-reducing ability and greater metmyoglobin formation compared with the superficial portion of the same muscle. They further observed that hot-boning of the muscle significantly increased metmyoglobin-reducing activity of the interior portion of the muscle and subsequently increased meat colour stability compared with that of traditionally cold-boned muscles.
In addition, higher temperatures increase the oxygen consumption rate by respiratory enzymes within the muscle tissue (Cheah and Cheah 1971; Bendall and Taylor 1972) . Consequently, lower oxygen tension and solubility at the meat surface can be created, which in turn induces increased myoglobin oxidisation (Giddings 1974; Seideman et al. 1984; Faustman and Cassens 1990) . Sammel et al. (2002) found significantly higher oxygen consumption rate in the interior portion of beef SM than the superficial portion of the muscle. However, no significant difference in oxygen consumption rate between PSE and normal pork was observed (Zhu and Brewer 1998) . Furthermore, high temperature retards oxygen penetration into the meat, which accelerates the expansion of the intermediate metmyoglobin layer towards the surface of meat, inducing more rapid discoloration (Brooks 1935) .
Recommendations
(1) In general, the impact of high pre-rigor temperature on meat colour and colour stability are well understood. However, the mechanistic reactions governing myoglobin redox stability (e.g. the early exhaustion of reducing potential such as NADH or decreased reductase activity, or a combination of both) and oxygen consumption (e.g. mitochondrial respiratory enzyme activity) under the protein-denaturing condition, and the concomitant impact on meat colour, are not fully understood. (2) Furthermore, the combined impacts of current post-slaughter processing such as electrical stimulation, hot-boning and/or pre-rigor muscle stretching and high pre-rigor temperature on meat colour and colour stability have not been clearly elucidated from the literature, and thus, they warrant further investigation. (3) New methods are required for measuring light scattering in muscle tissue, in order to elucidate its role in muscle colour.
Impacts of fast pH fall at a high muscle temperature on water-holding capacity and juiciness

Water-holding capacity
The WHC is defined as the ability of fresh meat to retain its own water (Pearce et al. 2011) . Poor WHC results in high drip and purge loss, which can represent significant loss of weight from carcasses and cuts and may affect the yield and quality of processed meat (Savage et al. 1990 ). In addition, inferior WHC can negatively affect the appearance of meat, and this can influence consumer willingness to purchase the product. Several factors are generally known to influence the WHC, as listed below (for a more detailed discussion, refer to Warner 2014):
(1) The rate and the extent of pH decline during the conversion of muscle to meat (Bendall and Swatland 1988) . (2) Pre-rigor myosin denaturation (Offer 1991) . (3) Sarcomere shortening during the rigor period (Honikel et al. 1986; Bertram et al. 2002) . Many papers and reviews have been published on the impacts of rapid pH decline at a high muscle temperature on WHC in pork (for reviews, refer to Bendall and Swatland 1988; Huff-Lonergan and Lonergan 2007; Barbut et al. 2008) ; however, there are a relatively few studies available on meat from ruminants, and until recently it has not been considered a serious problem in beef (Hamm 1986; Aalhus et al. 1998) . This is due to the relatively low proportion of fast-twitch glycolytic muscle fibres in beef compared with pork muscle (Aalhus et al. 1998) ; hence, few studies have included measurements of WHC when investigating the impact of a rapid pH decline at high muscle temperatures in beef and lamb, and even fewer have included biochemical measurements to understand the underlying mechanism.
When inferior WHC has been found in beef, it is often associated with the deep muscles (or deep parts of muscle) such as in the round (Tarrant and Mothersill 1977; Sammel et al. 2002) . Tarrant and Mothersill (1977) concluded that unfavourable post-mortem conditions result in significant denaturation of both sarcoplasmic and myofibrillar proteins, which is in agreement with findings by Monin and Laborde (1985) and Hunt and Hedrick (1977a) .
Most data available on the impact of a rapid pH decline at high muscle temperatures on WHC come from studies investigating the effects of electrical stimulation on other meat quality attributes, primarily colour. Both Martin et al. (1983) and Unruh et al. (1986) , who achieved pH values <6.0 while the temperature was >35 C in electrically stimulated beef carcasses (i.e. outside the pH/temperatures window used by the Australian beef and sheep meat eating quality program Meat Standards Australia; Thompson 2002) , found WHC to be inferior compared with control carcasses that were not electrically stimulated. Similarly, pH values of 6.0 with prerigor temperatures >30 C in beef carcasses were also found to result in lower WHC (Hertog-Meischke et al. 1997) , and it was concluded that this was due to myosin denaturation, as found in pork in agreement with Tarrant and Mothersill (1977) . Hopkins et al. (2014) found purge loss to be increased in the strip loin but not in the cube roll from electrically stimulated beef carcasses that had a rapid pH decline while the muscle temperature was still high. Note that electrical stimulation is not synonymous with high rigor temperature and hence inferior WHC, as exemplified by Hamm (1986) , who reviewed~30 beef and lamb studies and found only minor effects of electrical stimulation on WHC. In most cases, electrical stimulation caused a small, but mostly insignificant, decrease in WHC, regardless of the types of electrical stimulation applied. However, as exemplified in the Australian beef industry, changes in recent years have resulted in substantially larger and fatter cattle that take longer to chill post-mortem, increased grain finishing with associated increased body temperature at the time of slaughter, and increased electrical inputs, which together have increased the incidence of high temperature rigor (Strydom and Rosenvold 2014) and thus caused associated decreases in the WHC of beef meat Warner et al. 2014a) . In both Australia and the UK, high rigor temperature also occurs in lamb carcasses Pearce et al. 2010; Matthews 2011) , with proposed detrimental effects on WHC as has been observed in controlled experiments Warner et al. 2014b) . Data are lacking on the effects of high rigor temperature on WHC in the commercial environment in lamb carcasses.
Other studies have investigated the impact of different postmortem temperatures by removing the muscles from the carcass early post-mortem while keeping the muscle temperature constant, sometimes in combination with electrical stimulation. Devine et al. (1999) found no differences in WHC when beef muscles were exercised pre-rigor and kept at 15, 20, 25, 30 or 35 C. By contrast, Geesink et al. (2000) reported that WHC measured in lamb loins as drip loss during vacuum-packaged storage decreased with pre-rigor temperatures !25 C compared with pre-rigor temperatures of 0, 5, 10, 15 and 20 C. Similarly, Devine et al. (2002) found high cooking loss in lamb loin held at 35 C pre-rigor compared with lamb loins held at18 C pre-rigor. These results were supported by a similar study conducted by Rosenvold et al. (2008) , in which variability in time to reach rigor in beef LD was achieved using electrical stimulation and pre-rigor temperatures of 15 and 35 C, respectively. However, as the ageing progressed during storage at 15 C for up to 90 h, the drip of the muscles held at 15 C pre-rigor increased over that of muscles held at 35 C pre-rigor. In venison, purge loss was found to be significantly lower at 25 C than at 42 C, with no differences in drip loss between the other temperatures (0, 15, 30 and 35 C) . By contrast, WHC (measured using the filter press method) decreased with increasing rigor temperature, and it was significantly correlated with the solubility of sarcoplasmic and total protein (Bekhit et al. 2007) . Similarly, increased protein denaturation at 24 h postmortem was found in beef loins placed at 38 C pre-rigor temperatures compared with beef loins placed at 15 C prerigor (Kim et al. 2012) , and was accompanied by inferior WHC as measured by higher purge loss and drip loss. It should be noted, that electrical stimulation, which was also applied in the study, did not result in significant effects on either protein denaturation or WHC. Aalhus et al. (1998) selected beef and pork carcasses graded as PSE and compared these with carcasses graded to have normal quality from a larger dataset from their previous published work (Aalhus et al. 1994) , where variation in pH/ temperature decline was achieved using high/low voltage stimulation and different chilling regimes. They found that the beef and pork carcasses graded as PSE had faster glycolysis and significantly higher temperature at 45 min post-mortem. Drip loss in the control pig carcasses were substantially higher than in the control beef carcasses, while the increase in drip associated with the PSE condition in beef was much larger than that in PSE pork (175% vs 28%) (Aalhus et al. 1998) . Finally, the role of proteolysis and m-calpain in WHC of meat is well documented. Limited autolysis of mcalpain early post-mortem (indicating lower m-calpain activities) results in a decrease in proteolysis, which induces an increased shrinkage of the muscle cell, creating channels for dripping moisture out of muscle bundles and thus results in greater drip loss . Moreover, at high pre-rigor temperatures, the impact of rapid glycolysis on mcalpain activity and autolysis and its subsequent adverse effect on protein degradation, WHC and post-mortem meat tenderisation has been reported for porcine muscle (Claeys et al. 2001; Maddock et al. 2005; Bee et al. 2007 ).
Juiciness
Juiciness is an eating quality attribute considered to arise from two sources: moisture released by meat after the first bite and during chewing; and moisture from saliva (Winger and Hagyard 1994) . It is predominantly determined by two factors: the endpoint temperature to which the meat is cooked (Aaslyng 2009 ); and the intramuscular fat content of the muscle (Savell and Cross 1988) .
While intuitively, juiciness would be positively correlated with the WHC of meat, results of studies comparing sensory assessment of juiciness to measures of WHC are contradictory (Winger and Hagyard 1994) . These inconsistencies might be a result of the different methodologies applied to measure WHC (Trout 1988) and/or the different cooking methods, as cooking methods specifically affect the result of the sensory analysis (Bejerholm and Aaslyng 2004) . Likewise, total water content of the meat and cooking loss cannot explain juiciness of the cooked meat product (Toscas et al. 1999; Safari et al. 2001; Young et al. 2005) .
Hence, it is difficult to predict how high pre-rigor temperatures in beef carcasses will affect the juiciness of the resulting meat. In pork, when juiciness of PSE pork was compared with that of DFD and normal pork, PSE pork invariably scored lowest for juiciness if differences were found (Barton-Gade 1996; Aaslyng et al. 2007) . However, some studies suggest no differences in juiciness between PSE and normal pork (Winger and Hagyard 1994; Van Oeckel and Warnants 2003) . Studies specifically measuring juiciness of beef from high pre-rigor temperature beef are very limited. Warner et al. (2014c) found that juiciness in beef increased with ageing. Whereas the increase was minor in high pre-rigor temperature strip loins, the increase in predicted juiciness score in strip loins with an 'ideal' rigor temperature was more than double of the high pre-rigor temperature strip loins. However, these results will have to be confirmed by additional studies to be conclusive, as the influence of high pre-rigor temperature on consumer scores for juiciness may be correlated with the consumer scores for tenderness. In line with the argument by Winger and Hagyard (1994) related to contradictory results on the relationship between WHC and juiciness, Hunt and Hedrick (1977a) found small but significant differences in WHC between PSE, normal and DFD beef, but no differences in juiciness. A study using electrical stimulation as a model for high pre-rigor temperature beef, i.e. lower pH/higher muscle temperature, does not provide substantial information regarding effects of the denaturing condition on juiciness; results of the studies examining the effect of electrical stimulation on meat juiciness are variable (Winger and Hagyard 1994) , and no clear conclusion can be drawn. In their comprehensive review on meat juiciness, Winger and Hagyard (1994) concluded that juiciness is a poorly understood aspect of the eating quality of meat, and this appears still to be the case including how juiciness is affected by protein denaturation as a result of a rapid pH decline at high rigor temperatures.
Recommendations
(1) Despite the limited number of studies and some inconsistencies in the results, the underlying mechanisms for PSE development in both ruminants and pigs (i.e. low pH in combination with high temperature) appear to be similar. However, this statement cannot be confidently substantiated with biochemical data as only very limited results have been published. It is suggested that measurements of WHC are included as standard measurements in beef and lamb studies focused on the slaughter process to substantiate that the conditions are indeed identical for pigs and ruminants and to identify any adverse effects on meat quality. This is particularly important within a changing system such as in the Australian beef industry. (2) We suggest that research is carried out to understand the underlying biochemical and biophysical aspects of juiciness, including how this is related to WHC. This should include total water losses and a strong focus on what the WHC methods are actually measuring (Trout 1988) .
Impacts of rapid pH decline at a high muscle temperature on flavour
The type, quantity and balance of flavour molecules are critical to the acceptability of meat flavour. In its fresh uncooked state, meat has little flavour; it is only as a result of cooking that full flavour develops. During cooking, a complex set of thermally induced reactions occurs between the non-volatile components of lean and fat tissue, which results in the generation of a large number of products. The major precursors of meat flavour are either lipids or water-soluble components, which are subject to two sets of reactions during the cooking process -Maillard reactions between amino acids and reducing sugars, and oxidative degradation of the lipid components (Watkins et al. 2013) . Principally, the sugars, amino acids and water-soluble components may be influenced by meat undergoing rapid metabolism and protein denaturation post-mortem, and these are discussed below. High-pH meat has been reported to have less flavour and to be less preferred than normal pH beef (Young et al. 1993) due to a lack of browning and reduced Maillard reactions (Hunt and Hedrick 1977a) . PSE pork is generally reported to be no different in flavour from normal meat (Bennett et al. 1973; Goransson et al. 1992; Flores et al. 1999) , whereas, in contrast, the consumer acceptability of the flavour of hightemperature beef strip loin and rump (similar to PSE) is lower than for normal (low rigor temperature) beef muscles ). In the 1950s, PSE pork meat was reported to have a pronounced sour smell, although the sour smell dissipated when the meat was exposed to air (Ludvigsen 1954 . 1960 , as cited in Briskey 1964 . According to Briskey (1964) , the sour smell can be simulated if acid is added to muscle proteins and they are subsequently held at 40 C. Similarly, Locker and Daines (1975) reported that beef muscle held at 37 C developed an unattractive smell, which was not described as 'sour', but 'sweaty', quite distinct from a putrid smell. As with the sour smell in pork, it seemed superficial, since it was not detectable in fried tenderloin steaks previously held post-rigor for 7 h at 37 C. In addition, Boles et al. (1992b) reported that loins from pig carcasses with a rapid pH decline due to positive stress classification had a less intense pork flavour. This is in agreement with the lower consumer acceptability of the flavour of beef from high pre-rigor temperature (rapid pH decline post-mortem) carcasses . Often the result of muscle undergoing high pre-rigor temperature is a lower ultimate pH (~5.3-5.4) of about 0.1-0.2 pH units relative to normal muscle (~5.5) (Warner et al. 1997) and although beef carcasses with lower than average pH are not common, the meat from these animals is usually blander (Calkins and Hodgen 2007) .
In summary, there seems to be some variation in the literature with regard to whether there are any effects of fast metabolism at a high temperature post-mortem on the subsequent odour or flavour of cooked meat. It is possible that the variation is due to different methods used for cooking or tasting these products for sensory panellists, and it is suggested that further research is warranted.
Impacts of faster than normal pH decline while at a higher than normal muscle temperature on protein functionality for processed meat As discussed above in 'Impacts of accelerated glycolysis at a higher than normal temperature on denaturation of muscle proteins', myosin extraction occurs via depolymerisation of the thick filament backbone. If myosin is irreversibly bound to actin in PSE muscle, it is difficult to extract . As meat processing relies on the application of phosphates and brine solutions in order to solubilise myosin, the denaturation of myosin in PSE-like meat also affects the functionality for processing.
The functional properties of PSE pork have been found to be inferior to those of normal pork in a range of processed meat products (Kauffman et al. 1978; Honkavaara 1988) . Severini et al. (1989) stated that PSE muscles produce cured hams of very low quality, in contrast to normal muscles. Muscles from PSE pigs had higher drip loss than normal muscles during chilling, and absorbed more salt during immersion in brine, therefore producing a poor-quality cooked ham (Severini et al. 1989) . This may be due to the differences in biochemical and physical properties, whereby myofibrillar proteins are denatured and thus the PSE meat has a poor bind (Torley et al. 2000) .
Myofibrillar proteins are very important in meat processing, because they largely provide functionality to the meat system (Acton and Dick 1996) . Water-binding phenomena in processed meats depend solely on the extraction of contractile proteins from myofilaments followed by gelation of these proteins during thermal processing (Asghar et al. 1985) . Thus, protein denaturation in PSE pork is important because of its direct effects on fresh pork quality and because of its subsequent implications for the functionality of the myofibrillar proteins during processing. Camou and Sebranek (1991) reported that protein from PSE muscle is in a less functional form than protein from 'normal' muscle, even after solubilisation with salt. Gel strength of extracted salt-soluble proteins was reduced by 45% from PSE muscle (Camou and Sebranek 1991) . The major functional properties of muscle constituents, for which the myofibrillar proteins play a predominant role, include WHC, fat emulsification and protein gelation (particle-to-particle binding ability) (Acton and Dick 1984) . Thus, denaturation of the myofibrillar proteins can have a considerable impact on the processing quality of pork.
In summary, there are clearly negative effects of the PSE condition on processed pork products but there is a lack of information on the effect of the PSE-like condition on the quality of beef or lamb processed products.
Conclusion
A faster than normal decline in pH combined with a higher than normal pre-rigor chilling temperature can result in substantial impacts on glycolysis, post-mortem muscle proteins and, subsequently, meat quality attributes. The extensive denaturation of myofibrillar and sarcoplasmic proteins contribute to the increased risk of unacceptable meat quality characteristics, such as in the changes to the colour, WHC, eating quality such as tenderness and/or flavour, and protein functionality during processing. The majority of evidence suggests that muscles entering rigor at a high temperature have reduced ageing potential in terms of sensory tenderness, although this was not always evident when using mechanical measures (WBSF). The effects of high pre-rigor temperature on the muscle colour are sometimes seen as positive, in markets where paler meat is seen as more acceptable. However, the rapid pH decline achieved at higher temperatures will adversely affect myoglobin redox stability and thus subsequently result in decreased colour stability of meat during display. Therefore, identifying optimal pre-rigor chilling temperatures for ruminant carcasses that do not compromise meat colour and colour stability, and yet maximise meat tenderisation, will have considerable impact on future profitability of the meat industry. Developing novel, prerigor meat processing technologies based on further utilising the pre-existing techniques such as electrical stimulation, stepwise chilling, hot-boning and/or pre-rigor stretching will result in a substantial improvement in meat quality attributes, as there is no reason to reinvent the wheel. Ample evidence is available for negative effects of high pre-rigor temperature on the WHC (particularly in pork), but still, few studies are available into this aspect for muscles from ruminants. Thus, further study elucidating the underlying mechanism by which rapid pH decline at high muscle temperatures influences WHC of beef and lamb is required. Moreover, the critical pH, temperature and time combinations affecting biochemical/physical modifications of pre-rigor muscle and subsequent meat quality changes have not been clearly understood for beef and lamb from the literature and thus warrant further investigation.
